Abstract:
Introduction
Monensic acid (C 36 H 62 O 11 , Scheme 1) is among the polyether ionophorous antibiotics widely used in veterinary medicine as coccidiostats [1] [2] [3] . The pharmacological activity of this compound is due to its high affinity to complex with sodium ions and to transport them through cellular membranes via an electroneutral mechanism [4, 5] . The disturbance of the osmotic balance of the cells initiates biochemical processes eventually leading to cell death. The selectivity of monensic acid towards alkali metal ions is well studied and decreases in the order Na + > K + > Rb + > Li + > Cs + [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The monensic acid binds monovalent alkali ions in a hydrophilic cavity where the metal ion is either six-or seven-fold coordinated. The formation of overall neutral complexes is secured by deprotonation of the carboxylic group as both oxygen atoms are engaged in "head-to-tail" type intramolecular hydrogen bonds with the hydroxyl groups located at the opposite site of the ligand anion.
At the present we have reported that monensins (monensic acid or sodium monensin (C 36 H 61 O 11 Na)) form complexes of different stoichiometry with divalent ions of some biometals [20] [21] [22] [23] [24] [25] The single crystal X-ray structures and the spectroscopic properties of complexes of monensic acid (C 36 H 62 O 11 •H 2 O) with toxic metal ions of Cd(II) and Hg(II) are discussed. The cadmium(II) complex (1) is of composition [Cd(C 36 H 61 O 11 ) 2 (H 2 O) 2 ] and crystallizes in the monoclinic system (space group P2(1), Z = 2) with a = 12.4090(8), b = 24.7688(16), c = 14.4358(11) Å, β = 91.979(7)°. Two ligand monoanions are bound in a bidentate coordination mode to Cd(II) via the carboxylate and the primary hydroxyl oxygens occupying the equatorial plane of the complex. The axial positions of the inner coordination sphere of Cd(II) are filled by two water molecules additionally engaged in intramolecular hydrogen bonds. The Hg(II) complex (2), [Hg(C 36 H 60 O 11 )(H 2 O)], crystallizes in the orthorhombic system (space group P2(1)2(1)2(1), Z = 4) with a = 12.7316(2), b = 16.4379(3), c = 18.7184(4) Å. The monensic acid reacts with Hg(II) in a tetradentate coordination manner via both oxygen atoms of the carboxylate function and oxygens of two hydroxyl groups. The twofold negative charge of the ligand is achieved by deprotonation of carboxylic and secondary hydroxyl groups located at the opposite ends of the molecule. Hg(II) is surrounded by five oxygen atoms in a distorted square pyramidal molecular geometry.
Cent. Eur. J. Chem. • 8(4) • 2010 • 852-860 DOI: 10.2478 metal(II) complexes of the monoanion of monensic acid showed enhanced bactericidal activity towards Bacillus subtilis and Bacillus mycoides compared to the non-coordinated antibiotic, although the nature of the metal(II) ion should be considered when discussing the antimicrobial properties of these new compounds [25] . On the other hand, it has been demonstrated that monensin is effective for the treatment of lead(II) intoxication reducing significantly Pb(II) concentration in rats, treated with PbCl 2 [26] . The same authors earlier suggested the formation of various monensin complex species containing Pb(II) [27] , although to the best of our knowledge there is still no data regarding the solid state structures of these compounds. To access the potential application of monensin as an antidote for treatment of intoxications with other heavy metals like cadmium or mercury, detailed investigations on its complexation ability towards divalent metal ions are required. Herein, we report the synthesis, single crystal X-ray structures and spectroscopic properties of the complexes of anions of monensic acid A with the toxic metal ions of Cd(II) and Hg(II).
Experimental Procedure

Physical measurements
For the performance of IR spectral analysis (in a nujol mull) a Specord 75-IR (Carl-Zeiss, Germany) was used. FAB-mass analysis was performed on Fisons VG Autospec (Micromass Instruments, UK). 1 H (600.13 MHz) and 13 C (150.92 MHz) spectra were acquired on an AVANCE AV600 II+ NMR spectrometer (Bruker, Germany). All spectra were recorded in CDCl 3 at room temperature. TMS was used as an internal standard for the 1 H and 13 C spectra. (br d, 1H, 7.9, 4.33 (ddd, 1H, 10.8, 5.9, 2.9, 20CH), 4.07 (dd, 1H, 11.6, 2.1, 5CH), 4.03 (d, 1H, 4.0, 17CH), 3.94 (dd, 1H, 10.5, 2.7, 21CH), 3.86 (br s, 1H, 7CH), 3.69 (d, 1H, 11.2, 26CH 2 '), 3.50 (d, 1H, 11.2, 26CH 2 "), 3.44 (dd, 1H, 10.7, 4.6, 13CH) 
Structure analysis and refinement
Data collection, structure solution and refinement of complexes 1 and 2 are given in Table 1 . Data sets were collected at 115(2) K (1) and at 112(2) K (2) on an Oxford Diffraction Sapphire2-CCD diffractometer operating with Mo-Kα radiation (λ = 0.71073 Å) and equipped with a graphite monochromator. The structures were solved using direct methods [29] . The coordinates of non-hydrogen atoms were refined by full matrix least squares with anisotropic thermal parameters [30] . Hydrogen atoms were isotropically refined with a riding model. CCDC 754039 (1) and 754040 (2) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc. cam.ac.uk/data_request/cif.
Results and Discussion
Single crystal X-ray structures of complexes 1 and 2
The Figs. 1a and 1b , respectively. Selected bond length distances and angles are presented in Table 2 . As can be seen, two monoanions of monensic acid coordinate to Cd(II) via the oxygens of carboxylate function (O(1)) and primary hydroxyl group (O(11)), situated at the opposite ends of the ligand molecule. Therefore, the resulting bonds Cd-OOC and Cd-OH formed are referred to as being of the "head-to-tail" type. The bidentate coordination mode of both ligands to Cd(II) causes formation of two 22-membered pseudo cycles in the macromolecule of the complex. Each of these cycles is further stabilizing by water molecules bound to monensin anions via intramolecular hydrogen bonds (Fig. 1c, Table 3) . (Fig. 1b) .
The molecular geometry of the complex can be described as a distorted octahedron. In contrast to all known divalent metal complexes of monensic acid, mercury(II) reacts with the ligand Complex 2 consists of a dianion of monensic acid bound in a tetradentate coordination manner to Hg(II) ion via the carboxylate (O(1)), carboylate (O(2)), secondary hydroxylate (O(10)) and primary hydroxyl (O(11)) oxygens (Fig. 2a) . Selected bond lengths and angles are presented in Table 4 . In the structure of 2, the carboxylate / carboylate and hydroxyl / hydroxylate oxygens of monensic acid dianion, respectively, are placed at the opposite sites of the ligand molecule thus their coordination to Hg(II) affording the antibiotic cyclization. At all, the mercury(II) ion is surrounded by five oxygen atoms in a distorted square pyramidal environment. The four oxygen atoms O(1), O(2), O(10), O(11), originating from the ligand, occupy the basal plane in the inner coordination sphere of the metal ion. Placed at the axial position is a water molecule (O(12)), that participates additionally in a number of hydrogen bonds with the monensic acid dianion (Fig. 2b, Table 5 ).
The Hg-O bond length distances vary in a wide range from 2.050 Å (Hg(1)-O(1)) to 2.921 Å (Hg(1)-O(2)) indicating strong interaction of the metal ion with carboxylate (O(1)) and secondary hydroxylate (O(10)) oxygens accompanied by weaker bonding with carboylate (O(2)), primary hydroxyl (O(11)) and water (O(12)) oxygens, respectively. In contrast to the divalent metal complexes of monensic acid monoanion reported previously, Hg(II) coordinates preferentially to the secondary hydroxylate oxygen atom rather than to the primary hydroxyl one, as well as a bidentate coordination mode of carboxylate group is observed for the first time in divalent metal complexes of monensic acid anion. Four complex units complete the crystal packing of 2 attached by interacting with one other by intra-and intermolecular H-bonds of various origins due to the inclusion of water molecules (Fig. 2c, Table 5 ).
The crystallographic studies showed that Cd(II) and Hg(II) react with the anions of monensic acid to form two different type of complexes. While compound 1 exhibits a structure already found for some divalent metal complexes of monensic acid monoanion [22] [23] [24] [25] , the complex 2 represents the first example where an unusual tetradentate coordination mode of a dianion of the polyether ionophore monensic acid to the metal(II) ion is observed. It should be mentioned that the ion of Hg(II) does not "enter" the cavity of the ligand to form a shell-like complex as was observed for sodium monensinate. The Hg(II) structure reported is unique and confirms the ability of the ligand to form complexes with divalent toxic metal ions. Table 4 . Selected bond lengths (Å) and angles (°) for complex 2. (10) 155.14(9)
Symmetry operation: x, y, z
Spectroscopic study of complexes 1 and 2
The spectroscopic properties of new complexes were studied to obtain additional information, which is important when no single crystals of monensin complexes can be prepared. Infrared spectra of monensic acid and new metal(II) complexes were recorded in a nujol mull and were related to the blank spectrum. The band at 1700 cm -1 in the IR spectrum of monensic acid monohydrate is attributed to the stretching vibration of the carboxylic function while the presence of water molecule and hydroxyl groups in the molecule resulted in the appearance of two bands at 3520 cm -1 and 3320 cm -1 , respectively [21] . The bands observed at 1550 cm -1 and 1400 cm -1 in the IR spectrum of Cd(II) complex 1, are assigned to asymmetric and symmetric stretching vibrations of the carboxylate anion, respectively [22] [23] [24] [25] . The band at 3480 cm -1 is attributed to the stretching vibration of the hydroxyl group from water molecules both coordinated to Cd(II) and engaged in hydrogen bonds. The participation of ligand hydroxyl groups in coordination and hydrogen bonds broadens the peak observed at 3320 cm -1 . The IR data obtained for 1 are consistent with the refined crystal structure.
The IR spectrum of Hg(II) complex, 2, possesses bands at 1650 cm -1 (ν a (COO¯)) and 1410 cm -1 (ν s (COO¯)), respectively, assigned to the stretching vibrations of the carboxylate anion. The value of Δ = 240 cm -1 (Δ = ν a (COO¯) -ν s (COO¯)) is in agreement with the crystallographic data proving the bidentate coordination mode of carboxylate function [31] . The broad bands observed at 3500 cm -1 and in the range from 3400 to 3200 cm -1 confirm the presence of water molecules and monensin hydroxyl groups participating in coordination and hydrogen bonds.
The major ions observed in the FAB-MS spectrum of 1 are shown in Scheme 2. The presence of peaks assigned to 1a-1d confirms the coordination of monensic acid to Cd(II). In the FAB-MS spectrum of complex 2 the major peaks are assigned to [Hg(C 36 (2)) is in accordance with the affinity of monensic acid to bind sodium ions originating from the glass and/or matrix used (3-nitrobenzylalcohol) and are in agreement with the data previously reported [32] [33] [34] [35] [36] [37] [38] .
1 H-NMR data of complexes 1 and 2 (600 MHz, CDCl 3 ) are presented in the Experimental Procedure. 13 C { 1 H}-NMR data are listed in Table 6 . Original NMR spectra of 1 and 2 ( 1 H, 13 C{ 1 H} and HSQC) are presented as Supplementary data and can be viewed on the web. The 13 C-NMR chemical shifts of Cd(II) dimonensinate, 1, are almost in agreement with the data of mononuclear divalent monensin complexes already reported [23, 25] . The significant downfield shift of δ, observed for C(1), C(2), C(25), C(27) ( Table 6 ), confirm that these carbon atoms are in close proximity to the Cd(II) ion. Coordination of the hydroxyl groups and water molecules in 1 participating additionally in various hydrogen bonds is reflected in the 1 H-NMR spectrum of the complex. The signals at 5.09 ppm and 4.64 ppm are assigned to OH(5) and H 2 O, respectively. The signals at 8.97 ppm and 6.69 ppm, belonging to the hydroxyl groups OH(10) and OH(11), could not be assigned, despite their clear separation with some broadening due to exchange with the water molecules. The carbon atoms in close proximity to the Hg(II) center in the 13 C-NMR spectrum of 2 are less up-or downfield shifted than the corresponding atoms in 1 and monensic acid. The observed Δ 2 -values (Δ 2 = δ 2 -δ MonH ) of these atoms (C(1), C(2), C(25), C(27)) are smaller most probably due to the tetradentate coordination of the ligand to the Hg(II) ion. The smaller down-and upperfield shifts, detected for the other carbon atoms in the spectra of 2, indicate that additional conformational changes take place in the structure of the complex in solution. It should be noted that a high upfield shift (-2.85 ppm) was detected for C(24) that could not be easily explained. compounds can be discussed as possible biological species formed due to the coordination of monensic acid in the case of intoxication with heavy metals in stock farming. To establish the possible application of the polyether ionophore monensic acid as an antidote a detailed in vivo investigation on experimental animals will be required.
Conclusions
